Introduction
colorectal cancer is the third most common cancer among males (663,000 cases, 10% of the total) and the second most common cancer among females (570,000 cases, 9.4% of the total) worldwide. approximately 60% of cases present in developed countries. There is a variation of 10-fold in the incidence rates for both genders worldwide: australia/new Zealand and Western europe present the highest rates, africa (excepting Southern africa) and South-central asia have the lowest rates, while rates are intermediate in latin america. in all areas, incidence rates are higher in men than women (overall gender ratio of the age-standardized incidence rates, 1.4:1).
colorectal cancer is responsible of approximately 608,000 deaths worldwide (8% of all cancer-related deaths), making it the fourth most common cause of cancer-related death. as with the incidence rates, mortality rates are higher among males than females, with the exception of the caribbean. However, mortality rates are less variable worldwide (6-fold for males, 5-fold for females): the highest mortality rates for both genders are found in central and eastern europe (20.3 per 100,000 for males, 12.1 per 100,000 for females), while the lowest are in Middle africa (3.5 and 2.7 per 100,000, respectively) (http:// globocan.iarc.fr/factsheets/cancers/colorectal.asp). in italy, the incidence has risen from 16,000 cases in 1970 to over 37,000 cases in 2004.
Role of genetic polymorphisms and mutations in colorectal cancer therapy (Review)
risk factors for colorectal cancer include increased age, gender (men are more predisposed to the development of colorectal cancer), the presence of inflammatory bowel disease, certain hereditary conditions and a family history of colorectal cancer. it is unlikely that these risk factors will change. However, it should be noted that even in the absence of predisposing factors, the general population has an average risk of developing the disease, and approximately 75% of all cases of colorectal cancer occur in individuals with no known predisposing factors for the disease (1).
The incidence of colorectal cancer increases with age, with many elderly patients (~65%) developing advanced disease.
Current therapy for colorectal cancer
Primary prevention of colorectal cancer is based on the implementation of screening tests to detect and remove pre-cancerous lesions or to discover and treat cancer at its earliest stages. The survival rate of patients with colorectal cancer depends on the clinical and pathological stage of the disease at diagnosis. Patients with cancer limited to the bowel wall at diagnosis have a 5-year survival rate of 90% (2). The survival rate is reduced to 35-60% if the lymph nodes are involved, and drops to less than 10% when the disease is metastatic (3) (http://www.ncbi.nlm. nih.gov/bookshelf/br.fcgi?book=techrev1&part=a65).
There is full agreement among health care professionals regarding the essential role of surgery in the treatment of colorectal cancer. Further improvements are obtained through the use of treatments combining surgery, chemotherapy and radiotherapy, and in particular adjuvant and neoadjuvant therapies.
Various combinations of chemotherapeutic drugs are currently employed. 5FU, which was the first chemotherapeutic agent used to treat colorectal cancer, is still used today and is considered preferable to the FolFiri (folinic acid, Fu and irinotecan) and FolFoX (folinic acid, Fu and oxaliplatin) protocols.
new biological compounds, such as bevacizumab, cetuximab and panitumumab, are also used in the treatment of colorectal cancer. in particular, vascular endothelial growth factor (VeGF) has proven to be the most powerful angiogenic factor. VeGF binds to its receptor, activing several intracellular signal transduction pathways (4). in addition, VeGF receptor-2 was expressed on the surface of colorectal cancer cells in approximately 50% of samples analyzed (5). The role of VeGF in cancer progression is well known: VeGF and other pro-angiogenic factors stimulate the degradation of the extracellular matrix, leading to the proliferation and migration of endothelial cells (6). For this reason, both VeGF and VeGF receptors are valuable therapeutic targets.
Bevacizumab is a humanized monoclonal antibody against VeGF. it binds to VeGF, thereby preventing VeGF from binding to its receptor and halting the subsequent activation of intracellular signal transduction pathways. Previously, it was thought that high microvessel density and VeGF expression represented negative prognostic markers in patients with metastatic colorectal cancer (7, 8) . However, it now appears that the response to bevacizumab is independent of VeGF expression or high microvessel density (9). Predictive markers of response to bevacizumab have not been identified to date.
The epidermal growth factor receptor (eGFr) is a member of the erbB transmembrane TK receptor family. Various ligands (eGF, TGF-α, epiregulin and amphiregulin) bind to this receptor and stimulate several intracellular signal transduction pathways (ras/raf/MaPK, Pi3K/akt and JaK-STaT), leading to cell proliferation, dedifferentiation and the arrest of apoptosis (10). in addition, eGFr has been observed to be expressed on the surface of colorectal cancer cells in approximately 40-70% cases, and has been associated with a decrease in survival (11-13).
currently, two new anti-eGFr molecules are used to treat colorectal cancer: the monoclonal antibodies cetuximab and panitumumab. cetuximab is a chimeric igG1 antibody and panitumumab is a total human igG2 antibody. notably, it was determined that cetuximab can only be used in the absence of K-ras oncogene mutations (14-18). K-ras mutations are observed in approximately 38% of colorectal cancer patients (19), and cause the constitutive activation of the ras/raf/ MaPK pathway, which is not linked to eGFr activation by ligand binding (20) . Since patients without K-ras wild-type cancer cannot benefit from treatment with anti-EGFR antibodies, the european Medicines agency has approved the use of these antibodies only in patients with K-ras wild-type tumors (21).
among patients with K-ras wild-type tumors, anti-eGFr therapy appears to be further limited to patients with B-raf wild-type tumors (22), although a recent study found that the B-raf mutation was a prognostic rather than a predictive marker (23). anti-VeGF and anti-eGFr antibodies have a proven efficacy. At present, bevacizumab, cetuximab and panitumumab are the standard therapeutic options for metastatic colorectal cancer.
Bevacizumab is administered in combination with chemotherapy as a first-line treatment, while anti-EGFR antibodies appear to be more beneficial in later-line treatment. Furthermore, anti-VeGF and anti-eGFr antibodies, in combination with chemotherapeutic agents, increased the life expectancy of patients with metastatic colorectal cancer by approximately 2 years.
The combination of anti-VeGF and anti-eGFr therapy has been proposed, since VeGF has many intracellular pathways in common with eGFr, and because colorectal cancer cells and endothelial cells express both eGFr and VeGF receptor-2 (24,25). although pre-clinical studies demonstrated that eGFr ligands up-regulated VeGF expression (26) and that the combination of antiangiogenic and anti-eGFr agents might have significant antitumor activity (27-30), numerous clinical trials have found that not only is the combination of the two antibodies less effective than the individual agents combined with other chemotherapeutic drugs, but also that their combination results in a reduction of progression-free and overall survival medians (31).
currently, bevacizumab is commonly used in combination with fluoropyrimidine-based chemotherapy in the treatment of metastatic colorectal cancer. However, as yet no data is available from randomized clinical trials on the optimal duration of treatment with bevacizumab or other targeted agents.
The efficacy of anti-EGFR antibodies in the treatment of metastatic colorectal cancer is limited to patients with K-ras wild-type cancer. However, it is undoubtedly necessary to further study other possible predictive markers of response to anti-eGFr therapy, such as B-raf, Pi3K and polymorphisms of the receptor gene 31, 32) .
over the past two decades, the role of the genetic pathways encoding the enzymes involved in metabolism, cellular transport and the mechanisms of action of chemotherapeutic agents have been investigated. Pharmacogenetic studies of cancer therapeutics have shown an association between specific genetic variants of drug metabolizing enzymes (pharmacogenetic determinants of response) and adverse drug reactions or toxicity. Primarily, it has been observed that genetic abnormalities influence response to treatment (33) (34) (35) . in this review, the correlation between current colon cancer therapies and the genetic polymorphisms responsible for an increased response rate or lack of response to treatment and increased toxicity are described (Table i) .
Genetic alterations
XPD Lys751Gln polymorphism and oxaliplatin/5FU. XPd (Xeroderma pigmentosum group d) is a member of the nucleotide excision repair (ner) family and plays an important role in the repair of dna damage caused by alkylating drugs, platinum analogues and radiation. Protein levels of XPd were demonstrated to be correlated with resistance to these agents in human tumor cell lines (36). Moreover, a clinical trial on 73 metastatic colorectal cancer patients treated with a combination of 5Fu and oxaliplatin demonstrated that patients with the lys/lys genotype at codon 751 responded better (p=0.015) and had a longer survival (p=0.002) than patients with at least one mutated allele (37).
UGT1A1
* 28 polymorphism and CPT11. in a study of advanced colorectal cancer patients, Toffoli et al reported a stronger predictive role of the uGT1a1 * 28 polymorphism in terms of response to an irinotecan-containing regimen, compared to its predictive role in determining drug-related toxicity, which was significant after the first cycle of chemotherapy, but less relevant over the entire course of treatment (38). This suggests the need for careful consideration before irinotecan dose reduction in patients carrying the uGT1a1 * 28 polymorphism.
GSTP1 Ile105Val polymorphism and oxaliplatin/5FU
. The GSTP1 ile105Val polymorphism was found to be associated with increased survival in patients with advanced colorectal cancer treated with oxaliplatin/5Fu (39).
XRCC1 Arg399Gln polymorphism and oxaliplatin/5FU. in 61 colorectal cancer patients treated with oxaliplatin/5Fu, the Xrcc1 arg399Gln polymorphism was linked to shorter survival (p=0.038), probably since this polymorphism is responsible for the emergence of resistance to this combination (40).
Germline Fc-γ RIIa 131H/H and/or Fc-γ RIIIa 158V/V polymorphisms and anti-EGFR agents.
Germline polymorphisms of Fc-γ receptors have also been associated with response to anti-eGFr agents, with longer progression-free survival in Thymidylate synthase germline polymorphisms and 5FU. 5Fu is the most commonly used drug in combined pre-operative chemotherapy (cT) and radiotherapy (rT) as standard treatment for colorectal cancer. 5Fu is a folate pathway inhibitor. This fluoropyrimidine, activated in its nucleotide form, forms a stable complex with thymidylate synthase (TS), inhibiting enzyme function. TS catalyzes an important reaction for cell proliferation (reductive methylation of duMP by 5,10-methylenetetrahydrofolate to form dTMP; Danenberg, 1977) . The efficacy of 5FU is inversely proportional to TS activity. our previous study demonstrated increased TS expression in liver metastases from colorectal cancer patients resistant to fluoropyrimidine-based chemotherapy (42).
Various polymorphisms in the gene encoding TS have been described. The most important genetic alteration of the TS gene consists of a variation in the number of the 28-bp tandemly repeated sequence, located in the 50-uTr region (43). alleles with two (TS * 2) and three (TS * 3) repeats are the most common.
Pàez et al investigated the role of the TS genotype as a predictive marker in patients with locally advanced rectal cancer treated with a cT/rT regimen. They found that the TS * 3/ * 3 genotype predicted the colorectal cancer patients who better responded to cT/rT 5Fu-based treatment. The study of the TS genotype could therefore be useful to reveal patients with stage II/III colorectal cancer who could benefit from preand postoperative fluorouracil-based chemotherapy (44).
MGMT
2535G>T polymorphism and oxaliplatin. o6-methylguanine-dna methyltransferase is an enzyme necessary for the repair of dna lesions induced by alkylating agents. it is involved in the dna direct reversal repair pathway coping with alkylating agents, which is one of the underlying mechanisms of individual resistance to the chemotherapeutic effects of certain alkylating agents as well as carcinogenesis.
Park et al investigated 16 dna repair gene polymorphisms in patients with advanced colorectal cancer treated with oxaliplatin-based therapy. in particular, they found that the MGMT -535G>T (rs1625649) polymorphism has a predictive effect on the survival of these patients. This genetical alteration is linked with the progression-free survival in patients with advanced colorectal cancer treated with oxaliplatin-based chemotherapy. This underlines the potential important role of dna repair gene polymorphisms in predicting the clinical outcome of chemotherapy in metastatic colorectal cancer (45).
Methylenetetrahydrofolate reductase gene polymorphisms and FOLFOX chemotherapy. Methylenetetrahydrofolate reductase (MTHFr) is an enzyme that catalyzes the conversion of 5,10-methylenetetrahydrofolate (cH2FH4) to 5-methyltetrahydrofolate (cH3FH4), a co-substrate for homocysteine remethylation to methionine. Genetic variation in this gene is responsible for susceptibility to certain diseases, including colon cancer and acute leukemia.
The two most common polymorphisms of the MTHFr gene linked with altered enzymatic activity and hyperhomocysteinemia are the 677c/T (ala to Val at codon 222) (46) and 1298a/c (Glu to ala at codon 428) (47) single nucleotide polymorphisms. However, the polymorphic allele 1298c does not modify MTHFr enzymatic activity in the same way as it does in the 677T allele. The MTHFr 677c>T polymorphism consists of a substitution of cytosine for thymine at position 677, resulting in the exchange of alanine for valine at residue 222.
a French study examined the relationship between the MTHFr gene polymorphisms 677c/T and 1298a/c and clinical response to the FolFoX protocol. The authors observed response rates of 53, 63, 80 and 37% in crc patients harboring one, two, three and none of the favorable MTHFr alleles, respectively. These data indicate that the MTHFr germinal polymorphisms may represent predictive markers of response to FOLFOX therapy. Moreover, for the first time, this study demonstrated that the response rate to FolFoX chemotherapy proportionally increases with the number of favorable MTHFr alleles (48).
another study by castillo-Fernández et al focused on only the MTHFr 677c>T polymorphism in metastatic colorectal cancer patients treated with 5Fu and folinic acid (Fa), and showed that MTHFr 677c>T polymorphism is associated with longer time to progression and overall survival in these patients treated with 5-FU/FA. These findings are in agreement with the results of the French group (49).
VEGF C936T polymorphism and bevacizumab. VeGF is essential in the regulation of physiological and pathological angiogenesis, as it is also produced by cancer cells in a hypoxic state. Polymorphisms of the VeGF gene have been identified and correlated with variations in VEGF protein production. our unpublished data show that the VeGF c936T polymorphism is associated with increased plasma levels of VeGF in cancer patients with deep vein thrombosis (dVT). additionally, our data show that this polymorphism may be a predictive indicator of dVT in colorectal cancer patients treated with bevacizumab. However, further studies are required to confirm our preliminary observations.
Other genetic alterations. as described above, anti-eGFr therapy is useful for the treatment of colorectal cancer. Whether patients will benefit from this treatment is based on the K-Ras mutation status of the tumor dna. However, other predictive markers of response in addition to K-ras mutations have been proposed. For example, an increased response rate to antieGFr antibodies has been observed in colon cancer patients with an elevated number of copies of eGFr (50,51). Similarly, there have been reports implicating mutations of the Pi3K gene in the response to anti-eGFr agents (52,53); however, the data generated by such studies are conflicting (54).
Conclusions
The present review discusses the growing importance of tailored therapy for colorectal cancer patients. it is becoming increasingly clear that further studies are required on all the possible genetic variables (e.g., polymorphisms and mutations) that affect individual response to specific chemotherapeutic agents. The evidence indicates that some polymorphisms enhance the activity of certain drugs, while others greatly increase their toxicity.
The study of the genetic 'habitus' of cancer patients therefore appears to be crucial in order to develop improved therapeutic regimens and to combat chemoresistance. The optimal chemotherapy regimen may be not identical for all patients, thus the development of tailored therapies should be the focus of future studies on anti-cancer therapy.
